Abstract-Two of the three types of MICE magnets will have splices within their coils. The MICE coupling coils may have as many as fifteen one-meter long splices within them. Each of the MICE focusing coils may have a couple of 0.25-meter long conductor splices. Equations for the calculation of resistance of soldered lap splices of various types are presented. This paper presents resistance measurements of soldered lap splices of various lengths. Measured splice resistance is shown for one-meter long splices as a function of the fabrication method. Another important consideration is the strength of the splices. The measured breaking stress of splices of various lengths is presented in this paper. Tin-lead solders and tin-silver solders were used for the splices that were tested. From the data given in this report, the authors recommend that the use of lead free solders be avoided for low temperature coils.
S
PLICES are common occurrence in superconducting magnets of all types [1] . Splices fall into two general categories superconducting splices and normal splices. Magnets that must run in persistent mode generally have splices that are superconducting. Normal splices involve connecting the normal stabilizer metal of one conductor with the normal metal of the second conductor. In a normal splice the current flow from the superconductor of the first conductor through normal metal to the superconductor of the second conductor. This paper discusses normal splices between conductors that can be wound into a superconducting coil.
The magnets for the muon ionization cooling experiment (MICE) [2] cooling channel are a case in point. Two types of these coils contain splices because the available conductor piece lengths are too short. Because the coil currents are low ( 300 A) and the splices are not cooled with helium directly, the splice resistance must also be low . MICE coil splices must have the following characteristics; 1) the splice must be less than one turn length, 2) the longitudinal or radial space occupied by an insulated splice must be less than the space occupied by two turns within the coil. Fig. 1 shows the three types of normal splices were studied; cold welded butt splices, soldered up-down lap splices, and soldered side-by-side lap splices [3] , [4] . The fabricators for the coupling magnet [5] and the AFC magnet [6] have chosen to make their splices at the ends of a layer, so that the splice is a transition from one layer to the next. Therefore, the measurements presented here are for up-down soldered lap splices, which can be used at the ends of a coil layer.
II. CALCULATION OF SPLICE PARAMETERS

A. Calculation of the Splice Resistance
The resistance for a butt splice can be expressed as follows:
( 1) where is the resistance of the splice; is the electrical resistivity of the weld material in the splice; is the length of the fused region within the splice; r is the conductor copper to S/C ratio; and is the conductor cross-sectional area. For a MICE conductor butt splice, , , and . The calculated resistance of this splice is 106
, which is too high for MICE magnets [7] . The calculated resistance of a lap splice of length L is divided into two terms, the copper resistance and the solder resistance. The un-insulated MICE coupling coil conductor has a width and a thickness . The coupling coil conductor has rounded corner . The resistance of up-down lap splices is given as follows: (2) 1051-8223/$26.00 © 2010 IEEE The resistance for side-by-side lap splices is as follows: (3) where is the copper resistivity; is the solder resistivity; is the copper thickness; and is the solder thickness. The coupling magnet the field at a splice is about 5 T. At 5 T, [8] and (tin-lead eutectic solder) [9] . A coupling coil splice , , and . For an up-down splice the calculated resistance is 0.58
. For a side-by side splice the calculated resistance is 1.37 . (At 0 T, the splice resistance is 15 percent lower.)
The equations above assume that there is no solder in the space between the corners. Without rounded corners, the splice resistance is lower. The equations also assume that there is complete solder coverage within the splice. The equations should be considered to be approximate. They don't consider a number of effects such as the alloying of the solder with the conductor copper, Hall effects in the splice, or the effects of current distribution in the conductor. The MICE conductor has a Cu to S/C ratio of 4. There are 222 filaments twisted with a pitch of 19 mm. Since the conductor is small, the current redistribution time is short. Splices between cables will have much longer current redistribution time constants.
B. Calculation of Splice Breaking Strength
Short splices fail in shear within the splice solder. Long splices fail in the parent material through a combination of pure tensile stress and bending stress that is induced by the distance between the conductor centers t/L. Thus short splices that are too long to fail in shear will fail at a lower tensile stress in the conductor than an infinitely long splice. The failure will occur where the bending stress is the highest (at a point right next to the splice). This kind of failure was observed in all of the 293 K splices that were in tension.
For short splices that fail within the splice due to shear in the solder, the tensile failure stress should be proportional to the splice length, unless bending induces brittle peeling within the splice itself. The shear failure stress for a typical soft solder at room temperature is from 20 to 35 MPa depending on the solder and the bond quality. The length below which shear failure occurs can be estimated as follows:
where is the ultimate stress for the parent conductor in tension and is the solder shear failure stress. For a coil conductor and , the length , at which shear failure become dominant will be from 13 mm to 24 mm for an up-down splice. For a side-by-side splice, , will be from 21 mm to 38 mm. The coil splice length should be long compared to ( 250 mm).
III. THE MEASUREMENT SYSTEM SET UP
The splice resistance is calculated from the measured voltage across the splice as current is applied across the splice. The splice is wound onto a tube that can be installed into the center of a superconducting solenoid that can generate magnetic induction above 5 T. A schematic representation of the instrumented splice is shown in Fig. 2 .
The problem with measuring the splice resistance is the voltage noise generated by a number of sources. If one measures the resistance of a 0.5 splice using a current of 10 A, the signal voltage across the splice will be 5 nV. This means that the noise in the experiment must be eliminated to the level lower than 5 nV. The voltage taps connected to the ends of the splice must be twisted pairs that don't couple to sources of additional voltages. Changing electric and magnetic field can induce voltages at a low level in addition to thermal voltages that can make voltage drop measurements difficult. For short splices, the signal voltages are much higher, so electronic noise is less of a factor.
The voltage measurements were made across the splice over a range of currents across the splice up to 400 A. The voltage drop measurements were taken with the conductor current going up and going down. The time for the measurements is long compared to the coupling time constant. This technique allows one to separate the signal voltage from the noise, so that one can determine the IR voltage across the splice. This technique yields more accurate measurements than the technique used for measuring splice resistance in 2008 [3] .
IV. MEASUREMENTS OF SPLICE RESISTANCE
The resistance of several 1000 mm long side-by-side and up-down hand made splices was measured in 2008 [3] , [4] . These splices were made using Sn96-Ag.3.5-Cu0.5 solder (a lead free tin-silver soft solder commonly used for electronics) and Sn63-Pb37 solder (tin-lead eutectic solder). The measurements were done over a range of magnetic inductions up to 5 T. The tin-silver solder splices had a resistance that was a few percent lower than the tin-lead solder splices.
The 2008 1-meter splice measurements were made for the whole splice and a 250 mm long section in the center of the splice. The calculated splice resistance (from the voltage drop measurements) was normalized to a 1-meter length. By normalizing the splice resistance, one had an idea of what the uniformity the conductor splice resistance. The normalized splice resistance for a 1.04 m splice was 1.09 . The 250 mm center section had a normalized resistance is 0. 88 . This meant that the splice was of good quality. The resistance of the side-by-side splices was about a factor of 1.7 higher [4] . Fig. 3 shows the resistance of up-down splices as a function of their length at inductions of 0, 3T, and 5T using MICE coupling coil superconductor (0.95 mm by 1.60 mm) and Sn63-Pb37 (tinlead eutectic) solder. The splices measured for Fig. 3 were made using a jig to compress the splice so the solder thickness was reduced.
From Fig. 3 , it appears that the splice resistance is inversely proportional to the splice length until the splice length reaches 1-meter. The measured 1-meter long splice resistance at appears to be inversely proportional to splice length. The 1-meter long splice resistance measurements at 3 T and 5 T appear to be too high. There has been considerable discussion as to why the 1-meter long splice resistance is different from the data for shorter splices. The differences are likely to be tied to the techniques used to eliminate noise from the splice voltage drop measurements. We don't think dB/dt is a factor.
It also appears that the splices made using a jig have a lower resistance than splices made my hand using hemostats as clamps. This statement may not be true, based on the measured solder thickness for both types of splices. There is not much difference in the solder thickness for the splices made using a jig. The observed differences in the measured resistance may be due to improvements in the measurement technique that was used for the jig-fabricated samples. The resistance measurement method used in 2010 appears to have a lower noise level than the method used in 2008.
V. MEASUREMENTS OF SPLICE BREAKING STRENGTH
A series of measurements of the breaking strength in tension were done on a number of 250-mm long splices. These measurements were done on splices with the Sn96-Ag3.5-Cu0.5 (Sn-Ag) solder and on splice samples made from Sn63-Pb37 (Sn-Pb eutectic) solder. Splices were broken with the splices at 293 K and at 77 K. In the case of the 77 K samples, the splices themselves were at 77 K while the conductor at the ends of the sample was at 293 K.
All of the 293 K samples broke in the conductor right next to splice, which indicates that there is a stress concentration at that location. We believe that the stress concentration is due to conductor bending stress right next to the splice. The bending stress is added to the tensile stress in the material on one side of the conductor. We also believe that this bending stress is a function of t/L where t is the thickness of the conductor and L is the length of the splice. All of the splices that were at 77 K broke at the sample end near room temperature. The ultimate tensile stress for the bare conductor is much higher at 77 K that it is at 293 K. None of the 250-mm long splices broke in the splice itself.
Most of the 250 mm long splices broken at 77 K exhibited peeling of one conductor in the splice from the other. The length of the peel zone varied from 5 mm to 120 mm. Fig. 4 shows the peel in a splice made with Sn-Ag solder broken at 77 K. All of the Sn-Ag solder samples broken at 77 K exhibited peel. One splice made with Sn-Pb solder exhibited no peel at 77 K. The other Sn-Pb splice had a 5 mm long peel. We believe that the brittleness of the Sn-Ag solder at cryogenic temperature contributes to the peel exhibited in the 250 mm long splices measured at 77 K. Another contributing facto may be the bending of the conductor at the splice.
The peel phenomena and the apparent stress concentration next to the splice caused us to investigate the breaking strength of splices that were shorter than 250 mm. Fig. 5 shows the breaking stress for soldered up-down splices of various lengths and solders. The breaking stress in Fig. 5 is based on the parent conductor, which has a cross-section area of 1.485 . All of the splices were stressed in tension.
The two horizontal lines in Fig. 5 represent the upper and lower limits of the breaking stress for the bare superconductor without a splice. The breaking stress of most of the 230 to 270 mm splices lie within the range of the breaking stress for the conductor without a splice. The cases represented by closed and It is clear that the tin-silver solder is more prone to breakage than splices made with the tin-lead eutectic solder. In general, the splice breaking stress decreases as the splice gets shorter. The tin-silver solder doesn't appear to be as strong as tin-lead solder, for splice lengths less than 250 mm. In the shorter splices, there is combination of peel and shear failure within the samples. All of the tin-silver solder splices peeled when they broke at 77 K. The tin-lead eutectic splices were far less likely to peel. Fig. 6 shows a hand made tin-silver solder splice that had been stressed, but hadn't failed within the splice. One can see that the solder in the splice is cracked.
VI. CONCLUSIONS
There are a number of conclusions that can be drawn from the splice measurements that have been made to date. From the measurements we find the following: 1) The splice length should be at least ten times the length at which the splice will fail due to shear failure in the solder. We believe that longer splices also reduce the effects of bending stress in the conductor. 2) Splices must be mechanically supported. Do not depend on the solder to keep the splice from coming apart.
3) The tin-silver solders (favored by those who want to get the lead out of solder) should be avoided. Tin-silver solders commonly used for room temperature electronics are very brittle at temperatures less than 150 K [10] . Pure tin as a solder should also be avoided, because of a low temperature phase change that occurs in tin. The low temperature properties of lead-free solders must be well understood before these solders are used for making conductor splices for use at low temperatures.
In addition the authors of this paper make the following general recommendations concerning splices: 1) The melting point of the highest melting point solder in the splice must be less than the temperature that spoils the heat treatment of the superconductor. For Nb-Ti, this is 250 C for a few minutes. 2) Splices made with two solder joints must have solders with different melting point temperatures in the joints. The part of the splice made first (usually between two superconductors) must be soldered together using the higher melting point solder (a solder with more lead). The second part of the splice (usually copper around a conductor) should be soldered using a lower melting point solder (such as tin-lead eutectic). In this instance careful temperature control is needed to keep the higher temperature solder from melting while the lower temperature parts of the splice are being fabricated. 3) Splices should be inspected before they are sealed into a coil or a magnet cryostat. This means that inspection criteria must be developed and implemented.
